In this paper, we experimentally demonstrate reversible wavefront shaping through mimicking gravitational field. A gradient-index micro-structured optical waveguide with special refractive index profile was constructed whose effective index satisfying a gravitational field profile. Inside the waveguide, an incident broad Gaussian beam is firstly transformed into an accelerating beam, and the generated accelerating beam is gradually changed back to a Gaussian beam afterwards. To validate our experiment, we performed full-wave continuum simulations that agree with the experimental results. Furthermore, a theoretical model was established to describe the evolution of the laser beam based on Landau's method, showing that the accelerating beam behaves like the Airy beam in the small range in which the linear potential approaches zero. To our knowledge, such a reversible wavefront shaping technique has not been reported before.
Introduction
The manipulation of the wavefront of light in different artificial systems, such as photonic crystals, surface plasmons and metasurfaces, has attracted increasing attention from researchers.
With wavefront shaping, tremendous progress in refraction, illumination, optical imaging, and a host of other applications has been made. Up to now, how to better control wavefront shaping has become an increasingly important issue with the demand for new technologies. In 2006, Pendry et al. and Leonhardt proposed a transformation optics (TO) approach [1, 2] based on the invariance of Maxwell's equation under a coordinate transformation. In the last 10 years, with advances in materials science, many TO devices have been designed and developed to control electromagnetic waves, such as invisibility cloaks [3] [4] [5] [6] [7] [8] , filed rotators [9, 10] , illusion optics [11] , photonic black holes [12] [13] [14] [15] , Einstein rings [16] , Mikaelian lenses [17] , and nanofocusing plasmonics [18] [19] [20] . At the same time, research into accelerating beams, the wavefronts of which are designed to lead light beams capable of propagating along curved trajectories in free space and in a diffraction-free manner, has surged. These peculiar beams were first theoretically proposed in the framework of quantum mechanics in 1979 [21] and introduced into the optical domain in 2007 [22, 23] . Since then, many potential applications of such beams have been demonstrated, including imaging and microscopy [24] , light bullets [25, 26] , optical manipulation of microparticles [27] , optical routing [28] , plasmonic Airy beams [29] [30] [31] , the Airy-Talbot effect [32] , and analogs of gravitational effects [33] . However, these beams are not reversible; that is, one can transform Gaussian beams or planar waves to accelerating beams, but one cannot transform the accelerating beams back into Gaussian beams.
Here, we experimentally demonstrate reversible wavefront shaping between Gaussian beams and accelerating beams by mimicking gravitational fields in TO. In our experiment, an incident broad Gaussian beam is transformed into an accelerating beam in a gradient-index microstructured optical waveguide with a special refractive index profile mimicking a gravitational field, and then the generated accelerating beam is gradually transformed back into a Gaussian beam.
We perform full-wave continuum simulations using the beam-propagation method (BPM) [34] to validate our experimental findings. Based on Landau's method [35] , we show that the accelerating beam is similar to an Airy beam in the small range in which the linear potential approaches zero.
The reported TO waveguide can provide a technique for achieving reversible wavefront shaping that has not, to our knowledge, been previously reported.
Sample fabrication and measurement
A structured waveguide was fabricated as depicted in figure 1(a) (side view of the waveguide).
First, a 50-nm-thick silver film was sputtered onto a silica substrate. Second, a straight silver cylinder was glued to the silver film, the silver cylinder was used to fabricate curved waveguide because of surface tension effects, and then a coupling grating with a period of 310 nm was milled on the silver film using a focused ion beam (FEI Strata FIB 201, 30 keV, 11 pA). Next, a polymethylmethacrylate (PMMA) resist mixed with Eu 3+ rare-earth ions, added for the purpose of fluorescence imaging, was deposited on the silver film using a spin-coating process. Finally, the sample was dried in an oven at 70 o C for 2 h. During this fabrication process, the thickness of the PMMA layer can be controlled by varying the solubility of the PMMA solution, evaporation rate, and spin rate. As a result, an optical waveguide with continuously and smoothly variable-thickness is produced. In addition, the thickness of the waveguide remains unchanged in the direction parallel to the axis of the cylinder z direction in figure 1(b), while in the perpendicular direction it shows first a slow increase and then a fast decrease along the x direction in figure 1(a) and however, no stripes can be observed. To directly obtain the surface profile of the PMMA layer in the red dashed-line box, we quantificationally measure the thickness profile ( Fig. 1(d) ) using a step profiler (Dektak® 150, Veeco Instruments, Inc., USA), and find that the surface profile corresponding to the red dashed-line box in figures 1(a) and 1(b) is in good agreement with the interference pattern in figure 1(c) . Specifically, the waveguide thickness increases for According to previous works [8, [15] [16] [17] 36] , the refractive index required by TO devices can be designed by tapered waveguides, and the light wave propagating in a variable-thickness waveguide can be described using the waveguide effective refractive index. In the experiment, the structured waveguide consists of an air/PMMA/silver/SiO2 multilayer stack ( figure 1(a) ) and can be considered a step-index planar waveguide. The dispersion relationship of the waveguide transverse electric (TE) modes is used to extract the effective refractive index in the x direction, which is depicted by red solid line in figure 1(e) . x . We observe that the light beams have some common features; specifically, they show oscillation in the x direction during propagation, and broaden at first and then contract. However, they also show some interesting phenomena, namely that the beam cross-section displays the Airy-like intensity profile under some excitation positions, such as x0=16, 18, and 22 µm. We performed the full-wave continuum simulations using the BPM, and the theoretically obtained results (figure 2(b)) are nearly identical to the experimental data. In addition, the Airy-like intensity profile is also observed.
One particular example, with an excitation position 0 18 μm x  , is presented in figure 3 (a); 
Airy-shaped intensity profiles in the mimicked gravitational field
In Landau [35] , a model was proposed to describe the evolution of wave packets in a gravitational field (i.e., the permittivity of the medium is a linear variation). The intensity of the light wave resembles that of an Airy function, so Landau's model can also be used in this work. To explain the Airy-shaped intensity profile in the cross section in figure 3(a) , we use the reference frame shown in figure 1(c) , and the gravitational field region we refer to is 0 x  . We begin with the paraxial approximation to Maxwell's equations, which is mathematically equivalent to Schrödinger equation [37] :
where ( (1) can be rewritten as:
If we define a new variable
It is easy to find that the solution of Eq. (3) is:
, and C is a constant.
We then obtain: 
Conclusions
We have realized a reversible wavefront shaping technique that has not, to our knowledge, been reported before. The "gravitational field" effect is achieved using an inhomogeneous effective 
